Background: Actin-based cell motility is fundamental for development, function, and malignant events in eukaryotic organisms. During neural development, axonal growth cones depend on rapid assembly and disassembly of actin filaments (F-actin) for their guided extension to specific targets for wiring. Monomeric globular actin (G-actin) is the building block for F-actin but is not considered to play a direct role in spatiotemporal control of actin dynamics in cell motility. Results: Here we report that a pool of G-actin dynamically localizes to the leading edge of growth cones and neuroblastoma cells to spatially elevate the G-/F-actin ratio that drives membrane protrusion and cell movement. Loss of G-actin localization leads to the cessation and retraction of membrane protrusions. Moreover, G-actin localization occurs asymmetrically in growth cones during attractive turning. Finally, we identify the actin monomer-binding proteins profilin and thymosin b4 as key molecules that localize actin monomers to the leading edge of lamellipodia for their motility. Conclusions: Our results suggest that dynamic localization of G-actin provides a novel mechanism to regulate the spatiotemporal actin dynamics underlying membrane protrusion in cell locomotion and growth cone chemotaxis.
Introduction
The cell's ability to sense the environment and move in a defined direction is fundamental not only for embryo and tissue development but also for a wide range of physiological responses such as immunity and wound healing. Directional cell movement also constitutes a crucial step in many pathological events such as cancer cell metastasis. During brain development, directed neuronal migration sets up the laminar layers for the ordered brain architecture [1] . Led by the motile growth cone, guided extension of axonal fibers enables the precise wiring of intricate neuronal circuitry [2] [3] [4] . Both cell locomotion and growth cone migration utilize a shared mechanism in which actin-based membrane protrusion drives directed movement [5, 6] . The dynamic assembly and disassembly of actin filaments (F-actin) from globular actin (G-actin) generate lamellipodia and filopodial protrusions that, coupled with myosin motor-based retrograde transport and selective clutch engagement with the focal adhesions, steer and drive the cell or growth cone forward [5, 7] . The actin cytoskeleton is targeted by many signaling cascades, and a complex network of actin accessory molecules is known to act on distinct aspects of filament assembly, disassembly, and their organization into distinct networks for various cellular functions [8] [9] [10] . However, how these regulatory mechanisms cooperate to control actin-based cell protrusions remains to be fully understood.
G-actin is the building block for F-actin, and its local concentration directly impacts the filament assembly rate. Lamellipodia are known to contain G-actin [11, 12] , but it is unknown whether it is spatiotemporally regulated there to play a functional role in cell migration. In this study, we examined the spatiotemporal distribution of G-actin in motile nerve growth cones and cells. We now provide direct evidence that a pool of G-actin is dynamically and spatially localized to the leading edge, creating sites of high G-/F-actin ratio that promote lamellipodia protrusions. Importantly, loss of the G-/F-actin ratio is tightly associated with cessation and retraction of membrane protrusions. We further show that the actin monomer-binding proteins profilin1 (Pfn1) and thymosin b4 (Tb4) are involved in the spatial pattern of G-actin localization to the lamellipodia. Finally, a gradient of extracellular guidance cues can regulate G-actin localization, resulting in an asymmetry in the G-/F-actin ratio across the growth cone for directional steering. These findings suggest a novel mechanism by which G-actin and its spatiotemporal localization regulate the actin dynamics underlying localized lamellipodia protrusions of motile growth cones and cells, which may play an important role in neuronal motility during development.
Results

G-Actin Localizes to the Leading Edge of Lamellipodia
We used vitamin D-binding protein (DBP) to label G-actin [13, 14] and fluorescent phalloidin to label F-actin. We first examined Xenopus growth cones because they feature an actin-enriched peripheral region (P region) consisting of hallmark membrane protrusions of lamellipodia and filopodia [5, 6, 15] . Although both DBP and phalloidin labeled actin structures in the growth cone, they showed distinct spatial patterns. DBP staining was more enriched in the outer margin of the growth cone P region ( Figure 1A ; see also top panels in Figure S1A available online). Ratiometric overlay of the DBP and phalloidin channels showed that their ratio (hereafter referred to as the G/F ratio) was much higher at the peripheral edge, with several G/F ratio ''hot spots'' (arrows in Figure 1A ; Figure S1A ). A similar G/F pattern was also detected by immunostaining using JLA20, an antibody recognizing nonfilamentous actin [16] (Figure S1A ), and AC-15, an antibody that recognizes both F-and G-actin ( Figure S1C ). The peripheral enrichment of G/F ratio was also observed in the growth cones of cultured hippocampal neurons ( Figure S1D ). We also examined the G-actin signals against a volume marker, 5-(4,6-dichorotriazinyl) aminofluorescein (DTAF) [17] (referred to as the G/V ratio), and confirmed their peripheral localization ( Figure S1B ). The distinct spatial patterns of G-and F-actin were better resolved by structured illumination microscopy (SIM), which takes advantage of overlying moiré patterns of light to obtain spatial details beyond the diffraction limit [18] . A substantial pool of G-actin was found in the outer narrow margin of the growth cone lamellipodia ( Figure 1B , arrowheads), whereas F-actin extends throughout the growth cone. Importantly, a majority of F-actin structures were not labeled by DBP ( Figure 1B , arrows), indicating that DBP does not label F-actin in fixed cells.
The G-actin localization at the leading edge of growth cones was further supported by quantitative analysis of the G/F or G/V ratio using intensity line profiles of various actin probes ( Figures 1D and S1A-S1C ). It is of interest to note that the G-actin pattern revealed by DBP and JLA20 required the cells (B) SIM images of a Xenopus growth cone with the region indicated by the dashed green rectangle magnified (middle row) and shown on the bottom row as both a color overlay (G-F) and a ratio image of the two channels (G/F). Arrowheads indicate the enrichment of monomeric actin at the growth cone periphery. Arrows identify F-actin structures that were not labeled by DBP. (C) Xenopus growth cones with (bottom row) and without (top row) a brief exposure to 0.02% saponin to extract actin monomers before they were fixed. (D) Normalized line profiles depicting the local enrichment of G-actin at the leading edge of the lamellipodia of Xenopus growth cones stained for G-actin using acetone permeabilization (red line), saponin live-cell extraction followed by acetone permeabilization (blue line), or Triton X-100 permeabilization (black line). Error bars represent 95% confidence intervals. n indicates the number of cells (and number of lines) quantified. For additional controls and labeling, see Figure S1 .
to be permeabilized by cold acetone after formaldehyde fixation. Use of 0.1% Triton X-100 eliminated the G-actin pattern without affecting F-actin staining by phalloidin ( Figures 1A  and 1D ). Since Triton X-100 can extract soluble proteins in formaldehyde-fixed cells [19] , this finding suggests that DBP and JLA20 labeling in the growth cone periphery highlighted a pool of G-actin that is highly labile and not part of the F-actin network. Similar results were also observed in motile Cath.adifferentiated (CAD) neuroblastoma cells [20] (Figures 2A and  2B ). SIM images of DBP and phalloidin staining of CAD cell lamellipodia provided further support that DBP does not appear to label F-actin ( Figure 2C , arrows) and that its signal is concentrated in the outer margin of the lamellipodia ( Figure 2C , arrowheads). The high G/F ratio was also observed at the leading edge of the growth cones of CAD cells that underwent a differentiation protocol ( Figure 2D ) [20] . Therefore, G-actin localization to the leading edge of lamellipodia likely represents a common feature of motile membrane protrusions.
We confirmed the specificity of DBP and JLA20 for G-actin by four lines of evidence. First, both DBP and JLA20 staining was eliminated by adding purified G-actin to the labeling solution ( Figure S2A ). Second, actin filaments polymerized in vitro from rhodamine-conjugated G-actin (Rh-actin) were not labeled by DBP or JLA20 ( Figure S2B ). DNase I, another G-actin probe [21] , was found to weakly label actin filaments in this in vitro preparation and thus was not used. Third, actin filaments polymerized in vitro from unlabeled G-actin were labeled by fluorescent phalloidin as well as by immunostaining using the anti-actin antibody AC-15, but not by DBP and JLA20 ( Figure S2C ). Finally, a brief live-cell extraction by saponin before fixation completely removed the peripherally localized G/F ratio by DBP ( Figures 1C and 1D ) or JLA20 ( Figure S2C ). Together, our labeling has specifically revealed the G-actin pattern.
Dynamic Localization of G-Actin Tightly Associates with Membrane Protrusion
To understand the dynamics and potential function of G-actin localization in cell protrusions, we performed simultaneous dual-channel live imaging on Xenopus spinal neurons expressing EGFP-actin and Lifeact-mRuby. The EGFP-actin signal represents both G-and F-actin, whereas the short amino acid peptide Lifeact highlights F-actin inside the cell [22] . Both fluorescent probes labeled lamellipodia and filopodia ( Figures 3A and S3A ). Lifeact fluorescence completely overlapped with phalloidin labeling of the growth cone ( Figure S3B ), suggesting that the subset of F-actin unrecognized by Lifeact [23] is minimally present. When compared with Lifeact-mRuby, EGFP-actin localized more intensely at the distal margin of growth cone lamellipodia (arrows in Figure 3A ; see also Figure S3A ). Ratiometric imaging of EGFP-actin/Lifeact-mRuby (hereafter also referred to as GF/F ratio) revealed regions of high GF/F ratio at the leading edge that appeared to undergo active protrusion. When analyzed using kymography ( Figures 3B and S3C ), the GF/F ratio indeed showed a marked elevation before and during the membrane protrusion (indicated by the red arrow), which dropped back to the baseline level when the protrusion ceased and started to withdraw (indicated by the green arrow). This tight coupling between the GF/F ratio and membrane protrusion can be better appreciated by montages created from the ratiometric time-lapse series ( Figure 3C ; see also Movie S1).
Without the supplement of neurotrophic factors, nerve growth cones lose their motility over time in culture and exhibit fewer lamellipodial protrusions [24, 25] . We found that Xenopus growth cones cultured for over 24 hr possessed mostly filopodia with little lamellipodia ( Figure S3D ). Local increase in the GF/F ratio was also observed coinciding with protrusions, but to a smaller extent in comparison to growth cones from 4-8 hr culture (Figures S3E and S3F; see also Movie S2). Furthermore, the gradual decline in both the GF/F ratio and growth cone extension rate over the course of 52 hr in culture (Figure S3G) suggests a connection between the basal GF/F ratio and growth cone motility.
To test whether the GF/F pattern highlighted the nonfilamentous pool of G-actin, we examined the effect of latrunculin A (LatA) on the GF/F ratio in Xenopus growth cones. LatA binds actin monomers to inhibit their polymerization [26] by affecting actin-monomer interface [27] and nucleotide exchange [28] . Exposure to a low concentration of LatA (20 nM) resulted in a rapid disappearance of the high GF/F ratio in the growth cone P region that coincided with a cessation of membrane protrusions (Figures 3D and 3E ; Movie S3). A gradual elevation of GF/F ratio in the central region of the growth cone and the axonal shafts was observed after LatA treatment, suggesting that LatA-bound G-actin withdrew from the periphery to the central region of larger volume space ( Figures 3D and 3E ). These findings support the assumption that the GF/F ratio highlighted the nonfilamentous G-actin signals.
To better understand the dynamic localization of G-actin in cell motility, we examined the GF/F ratio in motile CAD cells to take advantage of their large and motile lamellipodia for high-resolution investigation. Consistent with the growth cone results, we observed a high GF/F ratio at the leading edge of membrane protrusions ( Figure 4A ). Quantitative analysis demonstrated that the high GF/F ratio was due to an increase in EGFP-actin fluorescence in the outmost margin of the lamellipodia rather than a decrease of Lifeact-mRuby ( Figure 4A ). Consistently, the elevated GF/F ratio was found to be tightly associated with the membrane protrusion, and its loss accompanied retraction ( Figure 4B ). To verify that the observed localization pattern of GF/F ratio was not an artifact resulting from a delay of Lifeact-mRuby in binding to newly formed actin filaments, we performed simultaneous fluorescence recovery after photobleaching (FRAP) to examine the recovery kinetics of both EGFP-actin and Lifeact-mRuby. Our data show that both probes exhibit similar recovery times ( Figure 4C ), arguing that Lifeact-mRuby is able to bind actin filaments in the lamellipodia as they are made. To verify that the increased EGFP-actin signal at the immediate cell edge represented a pool of unpolymerized G-actin, we performed live-cell extraction with saponin that can effectively remove monomeric EGFP-actin without affecting EGFP-actin incorporated into filaments [29] . Saponin extraction completely removed Lifeact-mRuby from the cell, which unfortunately prevented us from ratiometric imaging. However, we found that a brief exposure to saponin (0.02% for 1 min) resulted in a substantial reduction of the EGFP-actin signal at the leading edge, where the GF/F ratio was highest ( Figure 4D ). Since the high GF/F ratio is created by an elevated level of EGFP-actin (see the plot in Figure 4A ), this result supports that our ratio imaging approach successfully highlights a labile pool of G-actin.
We next performed a series of experiments utilizing actinspecific drugs to further confirm the G-actin localization pattern in CAD cells. First, a low concentration of LatA (20 nM) eliminated the high GF/F ratio at the outer margin of the lamellipodia ( Figure 5 ; Movie S4), similar to the results from growth cones. We also used jasplakinolide (Jasp) to stabilize F-actin and promote G-actin polymerization into F-actin [30] . A low concentration of Jasp (100 nM) substantially reduced the high GF/F ratio at the leading edge ( Figure 5C ; Movie S5). Importantly, both of these drug treatments perturbed the GF/F ratio without causing the lamellipodia to collapse. This low concentration of Jasp also effectively diminished the high GF/F ratio at the leading edge of Xenopus growth cones ( Figure S4 ; see also Movie S6). Finally, cytochalasin D (CytoD), a mycotoxin that inhibits actin polymerization, reduced the high GF/F ratio at the leading edge at a relatively low concentration of 25 nM, but not at 2.5 nM ( Figure 5C ). At 100 nM CytoD, a large reduction in the GF/F ratio was observed ( Figure 5C ), but this was accompanied by a loss of F-actin and retraction of lamellipodia. Together, these results confirm that the GF/F ratio highlighted the G-actin pattern in living cells.
Profilin1 and Thymosin b4 in G-Actin Localization for Membrane Protrusion and Growth Cone Chemotaxis
To investigate the molecular mechanism of dynamic G-actin localization, we examined the involvement of profilin1 (Pfn1) and thymosin b4 (Tb4), two well-known actin monomer-binding proteins [31, 32] . Lentivirus-based small hairpin RNAi (shRNAi) knockdown (KD) of both Pfn1 and Tb4 in CAD cells resulted in a significant reduction of the GF/F ratio at the leading edge of the lamellipodia (Figures 6A and 6B ). The effectiveness of knockdown was confirmed by RT-PCR and immunofluorescence ( Figures S5A-S5C ). Examining endogenous F-actin with phalloidin staining showed that Pfn1-KD lamellipodia had a marked reduction in size, whereas the Tb4-KD lamellipodia appeared identical to the control ( Figures  6C and 6D) . Thus, while the Pfn1-KD cells demonstrated only a modest loss of G-actin localization in the lamellipodia (Figure 6B) , they exhibited substantial defects in forming and/or maintaining the lamellipodial actin network. Tb4-KD cells, however, displayed lamellipodia that were structurally indiscernible from wild-type cells by light microscopy. Kymograph analysis of time-lapse image sequences found that knockdown of Pfn1, not Tb4, significantly reduced the protrusion velocity ( Figures 6E and 6F) . That Pfn1-deficient lamellipodia were not able to extend efficiently is consistent with their inability to properly assemble. Knockdown of either Pfn1 or Tb4 severely impacted the protrusion extension distance and persistence time ( Figure 6F ). Thus, lamellipodia from Pfn1 and Tb4 knockdown cells are unstable and collapse at much higher rates. These data suggest that G-actin localization, mediated by Pfn1 and Tb4, plays a role in sustaining lamellipodial protrusions.
We next examined the GF/F ratio in nerve growth cones during attractive turning in response to a concentration gradient of bone morphogenetic protein 7 (BMP7) [33] . We found that Xenopus growth cones in 4-8 hr cultures responded to a BMP7 gradient with a local increase in G-actin on the side near the BMP7 source, which was detected before the turning of the growth cone (Figures 7A and 7C ; Movie S7). Kymographs plotted across the near, central, and far side of the growth cone in respect to the local BMP7 application revealed the generation of protrusions on the near side in association with elevated GF/F ratio, whereas both GF/F ratio and protrusion on the far side were reduced ( Figures 7B and 7D) . Therefore, asymmetric G-actin localization and local increase in the G-/F-actin ratio may generate preferential actin-based lamellipodial protrusion to steer the growth cone.
Since Tb4 was found to profoundly reduce both the lamellipodia GF/F ratio and the stability of membrane protrusions in CAD cells, we tested whether Tb4 plays a role in growth cone turning in response to guidance cues. A morpholino antisense oligonucleotide against Xenopus Tb4 (Tb4-MO) was used for Tb4 knockdown, which resulted in a substantial reduction (w30%) of Tb4 in Xenopus neurons (Figures S5D  and S5E) . Consistently, the GF/F ratio in Tb4-MO growth cones was significantly reduced ( Figure 7E ). We first performed neurite outgrowth assays and found that Tb4 knockdown in Xenopus neurons resulted in enhanced neurite outgrowth after culturing for 7 hr ( Figure 7F) . Interestingly, however, Xenopus growth cones from Tb4-MO-positive neurons no longer responded to the BMP7 gradient, whereas growth cones of control-MO neurons exhibited marked attraction ( Figure 7G) , as evidenced by the average turning angles ( Figure 7H ). The net extension of the growth cone over the 30 min turning assay, however, showed no difference, indicating that Tb4-MO did not substantially alter the rate of growth cone extension during that short period of time. Therefore, Tb4 may help to localize G-actin to the leading edge to function in directional responses that require persistent protrusion of lamellipodia and migration toward attractive cues.
Discussion
Actin filaments are polymerized from ATP-G-actin at the barbed end of existing filaments or nuclei and preferentially depolymerize at the pointed end as ADP-G-actin. A large pool of G-actin is prevented from spontaneous nucleation and polymerization by monomer-sequestering proteins [34] . As a result, the availability of polymerization-competent actin monomers at specific subcellular locations could directly impact local F-actin assembly. In both lamellipodia and filopodia, actin assembly occurs at the distal actin cytoskeleton-membrane interface where the limited space requires a mechanism to provide and sustain a pool of polymerizationcompetent actin monomers for actin polymerization. While passive diffusion is considered to supply actin monomers to the leading edge for assembly [10] , studies using FRAP have estimated that the G-actin concentration in lamellipodia is much higher than previously thought, thus suggesting additional mechanisms [12] . Indeed, a rapid transport mechanism was suggested to shuffle actin monomers to the leading edge of lamellipodia [35] , but direct support and its functional role remain missing. Our study here provides the first evidence that dynamic and spatiotemporal localization of G-actin plays an important role in membrane protrusion and cell motility. That the G-actin localization pattern was observed in motile growth cones and in the protrusions of migrating cells suggests that it represents a universal mechanism for actin-based motility.
The spatial pattern of G-actin localization in lamellipodia was confirmed by both staining of endogenous G-actin molecules using specific probes and live-cell imaging employing exogenously expressed EGFP-actin and Lifeact-mRuby. Importantly, live-cell imaging revealed the dynamics of G-actin localization and its association with the protrusive activity. It has been reported that EGFP-actin is unable to be incorporated into formin-nucleated actin filaments in the contractile ring of yeast cells [36] . Although formation of growth cone filopodia depends on formin [37] , EGFP-actin appears to highlight F-actin in growth cone filopodia well in our study (see Figures 3A, 3D, and S3A) . Importantly, we here focused on the lamellipodia, where EGFP-actin was well incorporated into the branched actin meshwork (see Figure 4A for example). Lifeact-mRuby also highlighted the same actin structures of Xenopus growth cones labeled by fluorescent phalloidin (Figure S3B ), supporting the notion that Lifeact preferably labels F-actin in living cells [22] . Furthermore, we found that a different F-actin probe, F-tractin, which encodes a 66-amino acid sequence at the N terminus of phosphatidylinositol 3-kinase (PI3K) isoform A [38] , highlighted the actin structures Note that while 100 nM cytocholasin D (CytoD) did cause an acute effect on the GF/F ratio, it was also accompanied by lamellipodia collapse and retraction. All other treatments shown did not induce retraction of the lamellipodia. **p < 0.05 (Student's t test). n = 9 (LatA), 7 (Jasp), 7 (2.5 nM CytoD), 7 (25 nM CytoD), and 5 (100 nM CytoD). For additional data, see Figure S4 and Movies S4 and S5.
identical to those of Lifeact ( Figure S6A ). Ratiometric imaging of EGFP-actin and F-tractin-tdTomato also showed an elevated GF/F ratio at the leading edge ( Figures S6B and  S6D) . Finally, expression of Lifeact-EGFP and Lifeact-mRuby showed identical labeling of actin ( Figure S6C ). Together, these results suggest that the dynamic pattern of G-actin localization (depicted by GF/F ratio) is not a result of artifacts from the fluorescent probes used in this study.
Several families of G-actin-binding proteins may be involved in the subcellular localization of G-actin [34] . Here we found that Pfn1 and Tb4 play an important role in the localization of G-actin at the leading edge of lamellipodia. These two G-actin-binding proteins have previously been shown to be involved in lamellipodial accumulation of G-actin in endothelial cells [39] , although it is not known if they dynamically localize G-actin there to regulate protrusive activity and cell migration. Our results show that knockdown of Tb4 essentially eliminated G-actin localization to the leading edge, resulting in lamellipodia that appeared structurally normal but were unstable and unable to extend efficiently. Pfn1 knockdown resulted in only a modest loss of G-actin localization but caused the lamellipodia to be structurally and dynamically affected ( Figure 6 ). Profilin binds G-actin, promotes its nucleotide exchange for polymerization-competent ATP-G-actin, and delivers ATP-G-actin to the growing barbed end for assembly. Therefore, it is conceivable that its loss would markedly impact actin dynamics and membrane protrusion. Considering the number of actin regulators with which profilin interacts [40] , it is difficult at this moment to pinpoint the mechanism underlying the lamellipodial effects observed with profilin1 knockdown. The disruption of Xenopus embryo development by profilin knockdown also prevented us from testing its role in directed migration of nerve growth cones [41, 42] .
Tb4 is mostly thought of as a passive buffer against polymerization. It is of interest to see that Tb4 knockdown effectively eliminated G-actin localization at the leading edge of the lamellipodia and altered their protrusive dynamics. Interestingly, lamellipodia are able to form and extend normally in the absence of Tb4, but they are unable to maintain that extension for productive forward movement. This phenotype could be explained by disrupted localization of G-actin to the leading edge, which would reduce the G-actin pool needed to sustain actin polymerization for persistent membrane protrusion. Moreover, the defects in lamellipodial protrusion (distance and persistence) caused by Tb4 knockdown may also explain why Tb4 is required for attractive turning of nerve growth cones, which depends on persistent lamellipodial protrusion toward the attractive source. The finding that Tb4-MO neurons extended longer neurite processes than control cells (legend continued on next page) ( Figure 7F ) highlights two important points: (1) the effect on growth cone attraction is not a result of unselective disruption of growth cone motility, and (2) Tb4 is dispensable for overall axon growth and formation of the growth cone lamellipodia. A role for Tb4 in axon development is further supported by the finding that antisense knockdown of Tb4 impaired axonal tract formation in zebrafish [43] . It will be of great interest to identify the upstream signals that direct a small pool of Tb4-associated G-actin to localize to the leading edge during guidance.
Clearly, the mechanism proposed here is far from complete and will most likely involve concerted actions from other actin regulatory molecules. For example, G-actin is known to be recycled from existing filaments by depolymerization at the pointed end by the actin-depolymerizing factor (ADF)/cofilin. Jasp inhibits ADF/cofilin from binding actin filaments [44] , which could explain the partial loss of localized actin monomers to the leading edge after Jasp addition. ADP-G-actin is believed to be rapidly trafficked to the polymerization site, converted to ATP-actin through nucleotide exchange factors, and added to the barbed end for filament elongation by a number of binding proteins [34] . Intriguingly, the observed G-actin localization pattern may represent a localized pool of polymerization-competent actin. LatA is known to inhibit nucleotide exchange of actin subunits, and its effect on G-actin localization suggests that the nucleotide state of actin monomers may be involved in their localization to the leading edge of lamellipodia. Actin localization may also be facilitated by motor-based transport such as myosin1c [45] . Also, the Arp2/3 complex-activating n-WASp WH2 domains bind G-actin and may function in the growth of dendritic actin filaments and their membrane associations for membrane protrusion [46] . We do know that G-actin localization occurs independently from protein translation, because protein synthesis inhibitors did not affect the G-/F-actin ratio ( Figure S7) . Therefore, future studies are clearly required to fully understand the mechanism and functions of G-actin trafficking to the leading edge. Nonetheless, our findings provide evidence for a novel mechanism by which dynamic localization of G-actin mediates spatiotemporally restricted actin-based membrane protrusion underlying directional cell motility.
Experimental Procedures
All experiments involving Xenopus frogs and embryos were carried out in accordance with NIH guidelines for animal use and were approved by the Institutional Animal Care and Use Committee of Emory University. Xenopus spinal neuron cultures, microinjection of DNAs and mRNAs, and turning assays were performed as previously described [33, 47] . To label G-actin, Xenopus neurons were fixed with 4% paraformaldehyde for 15 min, followed by 5 min exposure to cold acetone at 220 C [14] or 0.1% Triton X-100 for 10 min. Live-cell extraction was performed with 0.02% saponin (Sigma-Aldrich) for 10 s in permeabilization buffer (20 mM HEPES, 138 mM KCl, 4 mM MgCl 2 , 3 mM EGTA, 1 mM ATP, and 1% BSA [pH 7.4]) before fixation. G-actin was labeled by DBP (Calbiochem) [14] or JLA20 anti-actin antibody (Calbiochem). F-actin was labeled by Alexa 488-conjugated phalloidin (Invitrogen), and volume labeling was performed using DTAF (Invitrogen).
Imaging of Xenopus neurons was performed on an inverted microscope (TE2000; Nikon) using a 603 1.4 numerical aperture (NA) Plan Apo objective lens. Dual-channel live-cell imaging was performed with the use of a multispectral imager (Dual-View; Optical Insights). CAD cell imaging was performed on a Nikon A1R laser scanning confocal microscope using a 603 1.49 NA Apo total internal reflection fluorescence (TIRF) objective lens and NIS-Elements (Nikon) software. EGFP constructs were excited using the 488 nm laser line, and mRuby and tdTomato constructs were excited with the 561 nm laser line. Simultaneous FRAP of EGFP-actin and Lifeact-mRuby was performed by irradiating a 2 mm circular region of interest at the cell edge with the 488 and 561 nm lines at 100% power simultaneously for 65 ms. EGFP-actin extraction and experiments using actin drugs were performed on a Nikon Ti-Eclipse inverted microscope with a 603 1.45 NA Apo TIRF objective lens, a Photometrics QuantEM electronmultiplying charge-coupled device (EM-CCD) camera, and NIS-Elements software. Superresolution imaging was performed on an Eclipse Ti-E inverted microscope with SIM illuminator and microscope enclosure using a 1003 NA 1.49 CFI Apo TIRF objective lens (N-SIM; Nikon). Digital images were acquired with an iXon DU897 EM-CCD camera (Andor) through the use of NIS-Elements.
For complete details of the experimental procedures, please see Supplemental Experimental Procedures.
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